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plex II (LHCII) of higher plants are simulated employing excitonic couplings and site energies of chlorophylls
(Chls) computed on the basis of the two crystal structures by a combined quantum chemical/electrostatic ap-
proach. A good agreement between simulation and experiment is achieved (except for the circular dichroism
in the Chl b region), if vibronic transitions of Chls are taken into account. Site energies are further optimized
by reﬁnement ﬁts of optical spectra. The differences between reﬁned and directly calculated values are not
signiﬁcant enough to decide, whether the crystal structures are closer to trimers or aggregates. Changes in
the linear dichroism spectrum upon aggregation are related to site energy shifts of Chls b601, b607, a603,
a610, and a613, and are interpreted in terms of conformational changes of violaxanthin and the two luteins
involving their ionone rings. Chl a610 is the energy sink at 77 K in both conformations. An analysis of absorp-
tion spectra of trimers perpendicular and parallel to the C3-axis (van Amerongen et al. Biophys. J. 67 (1994)
837–847) shows that only Chl a604 close to neoxanthin is signiﬁcantly reoriented in trimers compared to the
crystal structures. Whether this pigment is orientated in aggregates as in the crystal structures, can presently
not be determined faithfully. To ﬁnally decide about pigment reorientations that could be of relevance for
non-photochemical quenching, further polarized absorption and ﬂuorescence measurements of aggregates
or detergent-depleted LHCII would be helpful. This article is part of a Special Issue entitled: Photosynthesis
Research for Sustainability: from Natural to Artiﬁcial.
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In the course of evolution, nature developed a remarkably efﬁcient
molecular machinery to exploit solar energy [1,2]. A common design
principle in these systems is the distinction between two different
types of pigment–protein complexes (PPCs): reaction centers (RCs)
that catalyze the photochemical reaction [2–7] and light-harvesting
complexes (LHCs) or antenna proteins that are specialized to light ab-
sorption and excitation energy transfer (EET) [2,8]. Oxygenic photo-
synthesis requires two photosystems, PSI and PSII, that operate in
series and each contain an RC part and a core antenna part [9,10]. Be-
sides, outer antenna proteins are connected to both photosystems
that not only serve to enhance the absorption cross section of the
photochemistry, but also to regulate EET in response to changes in
the light conditions with the ultimate goal to protect the apparatus
against light stress [11].
The PSII antenna system in higher plants and green algae is com-
posed of members of the LHC protein family, i.e., the major light-ynthesis Research for Sustain-
x: +43 732 2468 8540.
l rights reserved.harvesting complex (LHCII) isoforms and the minor complexes
CP24, CP26, and CP29 [11–14]. All these proteins form supercom-
plexes with the PSII core complex (PSIIcc) [15–18]. To date, a high-
resolution crystal structure (1.9 Å) is only available for cyanobacterial
PSIIcc [19], although a structure of plant PSIIcc may be expected in the
future as crystallization of the core complex from tobacco could be ac-
complished [20]. At the antenna side, medium resolution structures
are available for LHCII from spinach (2.72 Å, 1RWT) [21] and pea
(2.5 Å, 2BHW) [22] (reviewed in Ref. [23]) as well as more recently
for CP29 from spinach (2.8 Å) [24]. LHCII, which is in the focus of
the present study, is a trimeric PPC that binds per monomer eight
molecules of chlorophyll (Chl) a and six Chl b as well as two caroten-
oid molecules of lutein (Lut), one neoxanthin (Neo) and one caroten-
oid of the xanthophyll cycle [25,26].
One of the photoprotection mechanisms associated with the outer
antenna proteins is non-photochemical quenching (NPQ), a process
in which excess excitation energy is thermally dissipated [16,27].
NPQ becomes manifest in a light-dependent quenching of leaf Chl
ﬂuorescence and heat production. The predominant NPQ component
is the rapidly reversible qE (energy quenching), which is triggered by
the pH difference across the thylakoid membrane. It is controlled by
the PsbS protein [28,29] and the xanthophyll-cycle carotenoids vio-
laxanthin (Vio), antheraxanthin (Ant) and zeaxanthin (Zea) [25].
Table 1
Chl sites m in LHCII with numbering schemes and calculated site energies Em.
m Chl numbering Calculated site
energies from
HF-CIS/cm−1
Fitted site
energies/cm−1
1RWT 2BHW 1RWT 2BHW Model A Model B
1 b601 b9 15319 15357 15405 15345
2 a602 a4 14930 14911 14940 14940
3 a603 a5 14871 14834 14850 14790
4 a604 a6 14868 14815 14820 14850
5 b605 b14 15497 15472 15465 15465
6 b606 b13 15365 15347 15385 15375
7 b607 b10 15347 15353 15225 15185
8 b608 b11 15186 15192 15215 15185
9 b609 b12 15423 15433 15475 15475
10 a610 a1 14786 14642 14790 14730
11 a611 a7 14930 14936 14950 14920
12 a612 a2 14924 14900 14940 14910
13 a613 a3 14858 14789 14840 14800
14 a614 a8 14904 14911 14940 14930
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subject of vivid debates. Several molecular quenching mechanisms
have been proposed and discussed involving EET to a dark carotenoid
state [30,31], excited state mixing between Chl and carotenoid
[32,33], formation of low ﬂuorescence Chl dimers (H-aggregates)
[34,35], quenching by Chl-Chl charge transfer (CT) states [36,37],
and light-induced formation of a Zea•+Chl•− radical pair with subse-
quent non-radiative charge recombination to the ground state
[38,39]. However, the issue remains unsolved.
A prerequisite for an understanding of the function of the various
Chls in LHCII and their role in NPQ is knowledge about the excited
states of the system [40]. For this reason, LHCII has been studied
inter alia by steady-state linear absorption, linear dichroism (LD), cir-
cular dichroism (CD), and ﬂuorescence spectroscopy [34,41–47],
pump-probe spectroscopy [48,49], non-photochemical hole-burning
[43,44,50,51], single molecule spectroscopy [52,53], and more recent-
ly 2D optical spectroscopy [54–56]. In this respect, it is important that
LHCII in vitro can be prepared in different forms. Well solubilized
LHCII occurs as trimers stabilized by a detergent belt. Addition of cat-
ions [57] or detergent depletion [58,59] leads to the formation of 2D-
crystal-like lamellar aggregates that ultimately are the precursors of
the type-I crystals underlying the 2.5 Å resolution structure of pea
LHCII by Standfuss et al. [22,23]. Another way of aggregation is in
the form of icosahedral lipid-protein vesicles that pack into the
type-III crystals studied by Liu et al. [21,23]. The lamellar aggregates
were shown to exhibit spectral properties different from LHCII tri-
mers, where LD spectra are of particular interest [34], as they are sen-
sitive to changes in pigment orientations. Since these aggregates also
show a signiﬁcant degree of ﬂuorescence quenching under appropri-
ate conditions [60], it has been hypothesized that similar aggregates
are responsible for NPQ in vivo [61]. Quite recently, it was demon-
strated that LHCII aggregates are formed in the thylakoid membrane
in a photoprotective state [62]. These ﬁndings underscore the impor-
tance of spectroscopic studies on LHCII aggregates to learn about the
molecular mechanisms of qE.
In a system of coupled chromophores, the absorbance bands gen-
erally are due to delocalized exciton states, so that a proper simula-
tion of the spectra requires two types of parameters to be
determined: the site energies, arising from pigment–protein coupling
and deﬁning the optical properties of individual chromophores, and
the excitonic couplings originating from pigment–pigment interac-
tion [10,63]. Both parameter types are not directly accessible from ex-
periment, although ﬁtting procedures may result in reasonable
values, particularly, if information from LD and CD spectra is taken
into account [64]. Usually, however, the ﬁtting results are ambiguous
and also do not allow for a molecular explanation of site energy dif-
ferences. It is, therefore, desirable to have methods at hand to com-
pute the parameters from a crystal structure. The calculation of
excitonic couplings is relatively straightforward (reviewed, e.g., in
Ref. [65]), but the computation of site energies is a real challenge. Pro-
cedures relying on a direct quantum chemical computation of transi-
tion energies have been applied to LHCII [66,67], but have not yet
proven to be accurate enough for a reliable simulation of low-
temperature spectra as the inherent errors of most quantum chemical
methods are larger than the width of the experimental spectrum
(~1000 cm−1). As an alternative, we devised a scheme, in which
quantum chemistry is merely applied to the pigments in vacuo to pro-
duce charge distributions rather than transition energies, and pig-
ment–protein coupling is modeled by classical electrostatics
involving a numerical solution of the linearized Poisson–Boltzmann
equation (LPBE) [68]. Application to LHCII [69] revealed that (a) the
energy sink at cryogenic temperatures is located at Chl a610 (in the
numbering scheme of PDB ﬁle 1RWT [21]; for comparison of number-
ing schemes, see Table 1 and [14]) in agreement with results from
mutagenesis studies [45] and earlier ﬁts [49] and (b) the mostly red-
shifted Chl b pigments are b601, b607 and b608 rather than b605,b607 and b609 as in the earlier ﬁts [49]. These studies [69] also
revealed some problems of the computational scheme: (i) Different
quantum chemical methods give different charge distributions for
the ground and ﬁrst excited states of the Chls and accordingly result
in different site energy shifts. Reﬁnement ﬁts to evaluate the perfor-
mance of the quantum chemical methods did not produce a satisfac-
tory agreement between simulation and experiment. (ii) The
simulated spectra could be improved by incorporation of vibronic
transitions of the Chls [70] (in a way that differs from earlier treat-
ments [49]), but reﬁnement ﬁts were not yet performed under
these conditions. (iii) The two crystal structures give different site en-
ergy shifts for some Chls that could be traced back to structural vari-
ations in the pigment environment [69]. A problem is the strong
redshift of Chl a610 calculated on the basis of PDB ﬁle 2BHW [22].
(iv) It is actually unknown, whether the structure of LHCII in the op-
tical samples is the same as that in the crystal structures. We note that
the simulations have been compared so far only with experimental
spectra of solubilized LHCII trimers [69,70], but not with those of
aggregates.
Related to the latter problem is the debate about the quenching
state of LHCII in the crystals. Pascal et al. [71] provided evidence
that LHCII in the crystals of Liu et al. [21], originating from the icosa-
hedral lipid–protein vesicles, is in a quenched conformation. This
conclusion was questioned by Barros et al. [72] who interpreted
their data in terms of both crystal structures showing an unquenched,
energy-transmitting state. More recently, van Oort et al. [73] reinves-
tigated various types of crystals, differing in morphology and age, and
reinforced the conclusion that both crystal structures show the
quenched form of LHCII. This problem prompted us to reevaluate
the performance of different quantum chemical methods in site ener-
gy calculations by comparison with reﬁnement ﬁts based on linear
optical spectra of LHCII trimers and aggregates. The results lead us
to a ﬁrst structure-based interpretation of changes in the LD spectra
upon aggregation of LHCII and conﬁrm the validity of the combined
quantum chemical/electrostatic approach.
2. Theory
2.1. Structure-based calculation of site energies and excitonic couplings
The present analysis is based on the computed site energies and
excitonic couplings from Ref. [69]. For completeness, we give a brief
overview of how these values are obtained. Chl a and Chl b (with
the phytyl chain replaced by a methyl group) are geometry-
optimized in vacuo by quantum chemistry, and the charge distribu-
tions of ground and ﬁrst excited states as well as the transition
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tion) are calculated for this geometry. In the calculation of the charge
distributions, we use either time-dependent density functional theo-
ry (TD-DFT) [74,75] in the Tamm–Dancoff approximation [76] with
the exchange-correlation (XC) functionals BHHLYP or B65LYP deﬁned
in Ref. [77,78] or the wave-function based Hartree–Fock approxima-
tion with conﬁguration interaction singles (HF-CIS) [75,79]. The XC
functionals BHHLYP or B65LYP are hybrid functionals that differ in
the amount of exact (HF) exchange, cHF=0.5 and 0.65, respectively,
while HF-CIS represents the case cHF=1.0.
For computation of site energies, the permanent charge distribu-
tions of ground and excited state are mapped onto atomic partial
charges as described [80]. The PPC is modeled as a set of atomic par-
tial charges placed on positions deﬁned by the crystal structure for
heavy atoms and by molecular modeling with CHARMM [81] for hy-
drogen atoms, embedded in a dielectric environment. The latter is de-
ﬁned by assigning a dielectric constant of 1.8, 5.0 and 2.0,
respectively, to the protein interior, the outer medium and a slab
representing the membrane or detergent phase (for details, see Ref.
[69]). The site energy shift follows from the energy changes of the
ground and excited state charge distributions upon being shifted
from a homogeneous dielectric to the protein environment contain-
ing background charges. These energy changes are computed by solv-
ing the LPBE numerically [82] taking into account non-standard
protonation states of titratable amino acid residues [83,84]. The site
energy shifts are obtained with respect to reference transition ener-
gies E0(a) for Chl a and E0(b) for Chl b that are ﬁt parameters. We use
E0
(a)=14900 cm−1 (671 nm) and E0(b)=15385 cm−1 (650 nm) [70].
Excitonic couplings are computed by employing the Poisson–
TrEsp method introduced earlier [85,86]. For a recent discussion of
foundations and limitations of this method, see Ref. [87]. In these cal-
culations, the transition densities of the S0→S1 transitions of Chl a
and b are obtained from TD-DFT using the B3LYP XC-functional and
are represented by atomic partial charges (transition charges) as de-
scribed [80]. The transition charges are rescaled such as to result in
the correct magnitude of the vacuum transition dipole strength of
21.0 D2 for Chl a and 14.7 D2 for Chl b as determined by Knox and
Spring [88]. The resulting values are listed in earlier publications
[80,89]. Environmental effects on the excitonic couplings are
accounted for in the Poisson–TrEspmethod by assigning an optical di-
electric constant of 2.0 [77] to the medium surrounding the Chls
[85–87]. The transition dipoles, resulting from the ﬁrst moment of
the transition charges, are oriented along the NB–ND axes inferred
from the crystal structures (see, e.g., [10,80]).
2.2. Simulation of linear optical spectra
Spectral simulations are based on the Hamiltonian [70]
H ¼ HChl þ HChl–Chl þ HChl–rad þ HChl–prot þ Hprot: ð1Þ
In the present calculations, HChl contains the energies of electronic
and vibrational states of the individual Chls
HChl ¼
X42
m¼1
Em jm0〉〈m0j þ
X10
i¼1
Em þ ℏωið Þ jm1i〉〈m1ij
!
;
 
ð2Þ
wherem counts the Chl sites in trimeric LHCII and Em is the site ener-
gy. To each site we assign 10 intramolecular vibrational modes i with
frequencies ωi ranging from 100 to 875 cm−1 assumed to be site-
independent and to be the same for Chl a and Chl b. These modes
are not meant to represent exactly the normal modes of the Chls
(which might be site-dependent and different for Chl a and b), but
rather are approximate model modes with frequencies and Huang–
Rhys factors inferred from a comparison of the simulated and the
measured (disorder-averaged) ﬂuorescence spectrum of trimericLHCII as detailed in Ref. [70]. In Eq. (2), we only consider states |
m0〉, in which pigment m is in its ﬁrst excited electronic state with
no excitation of intramolecular modes and all other pigments are in
their electronic and vibrational ground states, and states |m 1i〉, in
which pigment m is in its ﬁrst excited electronic state and contains
one quantum of vibrational energy in mode i, while all other modes
are in the vibrational ground state and all other pigments in their
electronic and vibrational ground state. Thus, in our model, 11 excited
states are assigned to each site. Transitions to higher vibrational
states of intramolecular modes as well as simultaneous excitation of
single vibrational quanta at different pigments are neglected because
of their small Franck–Condon factors. More general expressions in-
cluding these transitions were derived before [70]. The energy of
the state |00〉, in which all pigments are in their electronic and vibra-
tional ground states, is set to zero. Further, an initial thermal popula-
tion of intramolecular vibrational states is excluded because of the
small Boltzmann factors for frequencies≥100 cm−1 at tempera-
tures≤77 K. The only high temperature spectrum that we are simu-
lating here, is the CD of aggregates, but the intramolecular
vibrational modes do not contribute to the CD spectra in our model
(see below).
The Hamiltonian HChl–Chl contains the interactions between transi-
tions on different Chls:
HChlChl ¼
1
2
∑
m≠n
 
Vmn jm0〉〈n0j þ∑
i
Vmn
FCi 0;1ð Þ
FCi 0;0ð Þ
m0〉〈n1ij j
þ∑
i;j
Vmn
FCi 0;1ð ÞFCj 0;1ð Þ
FCi 0;0ð ÞFCj 0;0ð Þ
jm1i〉〈n1jj þ h:c:
!
; ð3Þ
where FCi(0,0) and FCi(0,1) are the Franck–Condon factor for the 0–0
and 0–1 transition, respectively, of the ith mode (assumed to be the
same for all pigments m) and
Vmn ¼ ~Vmn ∏
i
FCi 0;0ð Þj j2 : ð4Þ
Here, ~Vmn is the purely electronic coupling of transition densities
between pigmentsm and n, and the factor ∏i FCi 0;0ð Þj j2 is implicitly
accounted for in the evaluation of the vacuum transition dipole mo-
ment used in the Poisson–TrEsp method [85–87]. In Eq. (3), the ﬁrst
and third term on the r.h.s. describe the interaction between 0–0
and 0–1 transitions on different Chls, respectively, and the second
term the interaction between the 0–0 transition on Chl m and a 0–1
transition on Chl n. In our simulations, we model the dynamic locali-
zation of exciton states by introducing exciton domains as discussed
earlier [10,69,70]. This approximation amounts to a partitioning of
the Hamiltonian matrix HChl+HChl–Chl into blocks in a way that the
off-diagonal elements between different blocks are smaller than a
certain threshold value Vc=20 cm−1. The Hamiltonian matrix is
only diagonalized within each block, i.e., exciton delocalization is
only allowed within the domains. In this context, we also rigorously
neglect the second and third term on the r.h.s of Eq. (3), i.e., the 0–1
transitions are assumed to remain localized on their respective pig-
ments because of the small Franck–Condon factors.
The Hamiltonian Hprot describes a set of harmonic oscillators that
represent the low-frequency protein vibrations, while HChl–prot cou-
ples the electronic and vibronic transitions of the Chls to these oscil-
lators and HChl–rad to the external light ﬁeld (for explicit formulae, see
Ref. [70]). The coupling to the protein vibrations is characterized by
the spectral density J(ω)=S0J0(ω) with the normalized function [90]
J0 ωð Þ ¼
1
s1 þ s2
X2
k¼1
sk
7!2 ω4k
ω3e− ω=ωkð Þ
1=2
containing the parameters s1=0.8, s2=0.5, ħω1=0.56 cm−1,
ħω2=1.94 cm−1 and the Huang–Rhys factor S0=0.5 also used
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tion DM ω− ~ωMð Þ for each exciton state |M〉 in each domain and
D(ω−ωmi) for each vibronic state |m 1i〉 is obtained by solving the
equation of motion of the reduced density matrix with HChl+HChl–Chl
as the relevant system (see Refs. [70,90] for details). The inhomogen-
eously broadened absorption (OD), LD and CD spectra of each domain
are then calculated as
OD ωð Þ∝ω ∑
M
μM
 2DM ω− ~ωMð Þ þ∑
m
μm
 2X
i
FCi 0;1ð Þj j2D ω−ωmi
 * +
dis
;
ð5Þ
LD ωð Þ∝ω 〈∑M μM
 2 1−3 cos2θM  DM ω− ~ωMð Þ
þ∑
m
μm
 2 1−3 cos2θm  X
i
FCi 0;1ð Þj j2D ω−ωmi
 
〉dis;
ð6Þ
and
CD ωð Þ∝ ∑
M
RMDM ω− ~ωMð Þ
 
dis
; ð7Þ
respectively. Here, μM is the transition dipole moment of exciton state
M (linear combination of local transition dipole moments μm of the
Chls in sitesm of the respective domain), θM (θm) is the angle between
the vector μM (μm) and the C3-symmetry axis of the LHCII trimer repre-
senting the membrane normal, and RM is the rotational strength due to
excitonic CD given by
RM ¼∑
m;n
c Mð Þm c
Mð Þ
n EmRmn⋅ μm  μnð Þ; ð8Þ
which contains the exciton coefﬁcients cm(M) and the vector Rmn=Rm
−Rn connecting the centers of the pigments.We do not consider intrin-
sic or psi-type CD [64]. To obtain the correct intensity ratio of Chl a and
b, the magnitude of μm is chosen as that of a Chl in a medium with re-
fractive index n, which for n2=2.0 is 5.47 D for Chl a and 4.61 D for
Chl b [88]. The lineshape function D(ω−ωmi) of intra-Chl vibronic tran-
sitions reads
D ω−ωmi
 
¼ 1
2π
∫
∞
−∞
dt e
i ω−ωmi
 
t
eG tð Þ−G 0ð Þ; ð9Þ
where the frequencyωmi of the localized vibronic transition of mode i at
pigmentm is given as
ωmi ¼ Em þ ℏωi−λð Þ=ℏ; ð10Þ
with the reorganization energy of protein modes λ, and the function
G(t) is obtained from the spectral density J(ω) (see above) and the
Bose–Einstein distribution function n(ω). The lineshape function
DM ω− ~ωMð Þ of exciton transitions is given by
DM ω− ~ωMð Þ ¼
1
2π
∫
∞
−∞
dt ei ω−
~ωMð Þt eGM tð Þ−GM 0ð Þ e− tj j=τM ; ð11Þ
where GM (t)=γMM G(t) and γMM depends on the exciton coefﬁcients
and the correlation radius of protein vibrations Rc, and τM is the lifetime
of exciton stateM [90]. We use Rc=5 Å [65]. The exciton transition fre-
quencies ~ωM follow from the exciton energies EM and also contain a shift
by reorganization effects due to the coupling to low-frequency protein
vibrations [90].
If we denote the absorption parallel and perpendicular to the C3-
symmetry axis of the LHCII trimer with OD|| and OD⊥, respectively,
we can write for the reduced LD signal of a sample of perfectly alignedtrimers (i.e., with all C3-axes pointing in the same direction, but still
orientational disorder perpendicular to this direction):
LDðωÞ
3 ODðωÞ ¼
OD⊥ðωÞ−ODllðωÞ
3 ODðωÞ ¼−P ωð Þ; ð12Þ
where the function P(ω) is a measure of the average transition dipole
orientation in the LCHII trimer relative to the C3-symmetry axis as a
function of frequency (or wavelength) that is independent of the
sample concentration. Since
ODðωÞ ¼ 1
3
2 OD⊥ðωÞ þ ODllðωÞð Þ ; ð13Þ
it follows that [47]
ODllðωÞ ¼ 1þ 2 P ωð Þð Þ ODðωÞ ; ð14Þ
OD⊥ðωÞ ¼ 1−P ωð Þð Þ ODðωÞ : ð15Þ
In a real sample (i.e., in a squeezed gel) the trimers are not perfect-
ly aligned, but LD(ω)/(3 OD(ω))=−S P, where S is an orientation
factor.
The disorder average indicated by 〈…〉dis in Eqs. (5)–(7) is per-
formed by a Monte-Carlo procedure, in which each of the 42 site ener-
gies Em is varied independently according to a Gaussian distribution
with center Em and width σ=120 cm−1. The ﬁnal spectra of LHCII tri-
mers are the sums of the spectra of individual domains. In the simula-
tion of LHCII aggregates, we neglect any consequences of excitonic
couplings between different trimers in the aggregate for the linear spec-
tra, i.e., we assume that these couplings are bVc. In the calculation of
the ﬂuorescence (Fluo) spectrum Fluo(ω)=〈Ihom(ω)〉dis, a thermal
equilibrium of excitation energy in the excited states of the complex is
assumed prior to ﬂuorescence. An explicit formula for the homoge-
neous ﬂuorescence spectrum Ihom(ω) is given in Ref. [70].
3. Results
3.1. Reﬁnement ﬁts of trimers
The linear spectra were optimized by a reﬁnement ﬁt, i.e., by var-
iation of site energies starting from the directly calculated values [69]
and leaving all other parameters in the model constant. In the case of
LHCII trimers, ﬁtting was performed by comparison with experimen-
tal spectra of LD and CD at 77 K [41] as well as OD and Fluo at 4 K
[43,44] (see Fig. 1) resulting in a set of site energies referred to as
model A (Table 1). Emphasis was put on the LD and OD spectra and
the right position of the Fluo peak, and it was attempted to recover
the basic features of the CD spectra at least in the Chl a region.
As can be seen from the left part of Fig. 1, the site energies ofmodel A
result in spectra that are very close to the experimental spectra of tri-
mers except for small details and the CD in the Chl b region. Concerning
the small details, we note that we assigned the same inhomogeneous
width of 120 cm−1 to all sites, which might be an oversimpliﬁcation,
but seems justiﬁed in the absence of any independent information
about site-speciﬁc line-broadening effects. As regards the CD, it is ap-
parent from a comparison with the simulation that the experimental
spectrum is non-conservative in the Chl b region and, therefore, not
solely due to excitonic couplings of QY transitions. Any attempt to create
a negative CD signal at 640 or 650 nm as in the experimental spectrum
resulted in a distortion of the simulated OD and/or LD. In particular, a
strong blueshift of the site energy of Chl b609 as suggested tentatively
in Ref. [69] was abandoned as it caused a too positive LD signal in this
region. This effect is related to the fact that vibronic transitions of Chls
are included in the present simulation, but were absent in Ref. [69]. In-
clusion of the vibronic transitions results in a signiﬁcantly better repro-
duction of the experimental LD spectrum in the Chl b region with a set
experiment
model A
wavelength / nm
experiment
model B
620 640 660 680 700
640 660 680 700
640 660 680 700
640 660 680 700
640 660 680 700
640 660 680 700
640 660 680 700 640 660 680 700
4 K
4 K
77 K
77 K
O
D 
/ a
.u
.
CD
 / 
a.
u.
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 / 
a.
u.
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uo
 / 
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Fig. 1. Linear absorption (OD), circular dichroism (CD), linear dichroism (LD), and ﬂuo-
rescence (Fluo) spectra of LHCII trimers measured by Hemelrijk et al. [41] at 77 K and
by Pieper et al. [43,44] at 4 K compared to simulations based on model A (left) and
model B (right). For site energies, see Table 1.
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Fig. 2. Linear dichroism (LD) spectra of LHCII trimers measured by Hemelrijk et al. [41],
van Amerongen et al. [47], and Ruban et al. [34] compared to simulations based on
model A. For site energies, see Table 1.
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Section 3.5), aswas expected fromour previous calculationswithout re-
ﬁnement ﬁt [70]. An exception is Chl b607, which is more redshifted
than previously to allow for a cancelation of LD peaks in the 655 nm re-
gion. The LD spectra could be signiﬁcantly improved in the 665 to
670 nm region by assigning a higher site energy to Chl a602
(14940 cm−1) than in earlier simulations [69,70]. This result has conse-
quences for the evaluation of different quantum chemical methods (see
Section 3.5).With the smaller value (14850 cm−1), it was impossible to
avoid the occurrence of a trough in the LD spectrum around 665 nm
[69,70], a problem that also appears in themost recent simulations pub-
lished by Novoderezhkin et al. [40,91]. For similar reasons, we still be-
lieve that Chl a604 should not be placed in this spectral region.
To evaluate the quality of the ﬁt, it is useful to also consider the
variation of experimental data. In Fig. 2 we show an overlay of our
model A LD-spectrum with experimental data from different sources
[34,41,47]. There is some variation between experimental data, in
particular, as regards the relative intensities of the small signals in
the Chl b region. The deviation between model A and the experiment
is not larger than the variation among different experiments.
3.2. Pigment orientations in trimers
Normally, the intensity of an LD spectrum is difﬁcult to analyze
because of an unknown orientation factor S representing theimperfect alignment of PPCs in the sample that decreases the intensi-
ty. In the case of LHCII trimers, van Amerongen et al. [47] determined
the orientation factor by combining polarized absorption and ﬂuores-
cence measurements. In this way, they were able to deduce the quan-
tity P(ω) (or P(λ)) for the average orientation of transition dipoles as
a function of frequency (wavelength) deﬁned in Eq. (12) and to sep-
arate the absorption spectrum into components parallel (OD|| accord-
ing to Eq. (14)) and perpendicular (OD⊥ according to Eq. (15)) to the
C3-symmetry axis of the LHCII trimer. These data are intrinsic proper-
ties of LHCII trimers and can directly be compared with structure-
based simulations. In Fig. 3A, we show their OD||- and OD⊥-spectra
compared to simulations based on our model A. There is a reasonable
agreement between theory and experiment with the notable excep-
tion of the absorption around 676 nm, which shows a too strong po-
larization parallel to the C3-axis in the simulation. This discrepancy is
also apparent from the average transition dipole orientations P(λ) de-
termined by van Amerongen et al. (see Table 1 of Ref. [47] and blue
circles in Fig. 3B of the present work) representing the negative of
the experimental reduced LD spectrum (Eq. (12), dashed black
curve in Fig. 3B). The function P(λ) calculated on the basis of model
A for trimers (red curve in Fig. 3B) is not pronounced enough around
676 nm, but close to experiment otherwise. Note that there is no ar-
bitrary scaling of the ordinate in Fig. 3B. Reasons for the mismatch
of simulation and experiment could be residual errors in the model
Hamiltonian (i.e., site energies and/or excitonic couplings) affecting
the orientation of excitonic transition dipole moments μM or differ-
ences in pigment orientations between solubilized LHCII trimers and
the crystal structures. To decide, whether pigment reorientations
contribute, we calculated the integral of the function P(λ), which is
independent of changes of site energies and excitonic couplings
[63]. For the experimental spectrum, we obtain−8.7 for the integral
between 625 and 690 nm, whereas the value is −6.5 for the simula-
tion based on the crystal structures. So far as we can appraise, this dif-
ference is outside the error limits of both experiment and simulation.
Note that the integral difference would be even larger, if the region
above 690 nm would be taken into account (which is not possible
for experimental reasons [47]). We take this as evidence that in solu-
bilized LHCII trimers, the angle θm of at least one Chl a is different
from the angle in the crystal structure. Therefore, it is of interest to
identify the pigments contributing to the spectral region around
676 nm.
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Fig. 3. (A) Absorption of LHCII trimers at 77 K perpendicular (dashed curves) and parallel (solid curves) to the C3-axis (membrane normal) measured by van Amerongen et al. [47]
(black) compared to simulations based on model A (red). (B) Average transition dipole orientations in LHCII trimers determined by van Amerongen et al. [47] (blue circles) and the
experimental function P(λ) (Eq. (12)) representing the negative of the reduced LD spectrum corrected for an imperfect alignment of trimers in the sample (dashed black curve)
compared to a simulation of the function P(λ) based on model A (red curve). (C, D) Same as in A and B, but with simulations based on model A with Chl a604 rotated as described
in the text (orange curves).
1451F. Müh, T. Renger / Biochimica et Biophysica Acta 1817 (2012) 1446–1460In Fig. 4A (green curve), we show the difference between the sim-
ulated absorption polarized parallel to the C3-symmetry axis and the
corresponding experimental spectrum of van Amerongen et al. [47].
The major contribution to the difference spectrum is reminiscent of
the absorbance band of a single pigment (i.e., a localized exciton
state) peaking at 676 nm with an inhomogeneous width of
~140 cm−1. To identify pigments that could cause such an absor-
bance on the basis of model A, we consider the exciton state pigment
distribution functions deﬁned as [92]
dm ωð Þ ¼ ∑
M
cðMÞm
 2δðω−ωMÞ
 
dis
: ð16Þ
These functions (converted to the wavelength scale) are shown
for the Chl a pigments of the stromal and luminal layer in Fig. 4B
and C, respectively. They can be interpreted as distribution functions
indicating the probability of ﬁnding a certain pigment excited in an
exciton state at energy ħωM (or corresponding wavelength λ). The
pigments with the largest contributions to the spectral region be-
tween 673 and 680 nm involved in more localized exciton states
(i.e., having one major peak in the exciton state pigment distribution
function) are Chls a603 and a610 in the stromal layer as well as a604
and a613 in the luminal layer.
To assess the inﬂuence of these pigments on the polarized absorp-
tion, we performed simulations with the angle θm of one of these pig-
ments changed. The angle deﬁnes the orientation of the NB–ND axis of
the respective pigment (and hence the local transition dipole μm) rel-
ative to the C3-symmetry axis of the LHCII trimer (see Section 2.1).
The changes were done by setting the angle θm to 90° in a way that
the projection of the transition dipole on the membrane plane(perpendicular to the C3-axis) retains its orientation in that plane. A
change to θm=90° corresponds to the maximal possible reduction
of OD||. Any possible changes of excitonic couplings or site energies
owing to the pigment reorientation were neglected. Therefore, the
spectra simulated in this way can be expected to give only an approx-
imate impression of spectral changes due to a possible pigment reor-
ientation. It is found that Chls a603 and a610 cannot be responsible
for the major deviations between simulated and measured OD||. The
reason is that their angles θm are 113° and 111°, respectively. This
leaves only a 20° window for a reorientation to reduce OD||, which
is too small to account for the observed deviations. For example, ro-
tating the transition dipole of Chl a610 into the membrane plane
changes the integral of P(λ) to −7.4. The value of P(λ) is then more
negative at 685 nm than at 680 nm in contrast to experiment. We
note that 21° for Chl a610 is close to the angle between 13° and 17°
for the out of plane orientation of the transition dipole of the lowest
exciton state in LHCII trimers inferred by van Amerongen et al. [47]
from their analysis of the LD data. We take this as an indication that
the assignment of the energy sink to an exciton state that is strongly
localized on Chl a610 [45,49,69] is correct. Hence, the orientation of
Chl a610 in LHCII trimers is similar to the orientation in the crystal
structures, and it is not the lowest exciton state that is responsible
for the major mismatch of simulated and measured polarized absorp-
tion. Nonetheless, there remains an error margin of ~10° for a reor-
ientation of Chl a610 that could contribute to a decrease of P(λ) at
the red edge of the spectrum.
Chl a613 has an asymmetric exciton state pigment distribution
function due to its excitonic coupling to Chl a614 (Fig. 4C). Chl a604
exhibits a rather symmetric distribution function despite its strong
coupling to Chl b606, which is due to the large site energy difference
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poles of these pigments into the membrane plane (which is a rotation
by 45°) can be assessed from the ΔOD||-spectra shown in Fig. 4A (ma-
genta and black), representing the difference of OD|| without and
with rotation. Whereas rotation of Chl a613 (black curve) causes
changes around 670 nm besides 676 nm, rotation of Chl a604 (ma-
genta curve) matches the difference spectrum including the experi-
mental data (green curve) very well. Accordingly, rotation of Chl
a604 also brings the simulated OD||- and OD⊥-spectra (Fig. 3C) as
well as the function P(λ) (Fig. 3D) closer to experiment with the ex-
ceptions of the region around 650 nm, where there is too strong po-
larization perpendicular to the C3-axis, and a residual overshoot of
parallel polarization around 678 nm. The changes in the 650 nm
region are mainly due to the vibronic transitions of Chl a604. Rotation
of Chl a604 changes the integral of P(λ) from−6.5 to−9.7. Compar-
ison with the experimental value of−8.7 indicates that the necessary
change of θm is actually below 45°. Even so, the out-of-plane orienta-
tion of the transition dipole should still be less for Chl a604 than for
Chl a610 to account for the form of the function P(λ) in the 675 to
685 nm region. Thus, the deviations between experiment and simula-
tion could be removed by rotating Chl a604 to match the experimen-
tal value of the integral of P(λ) and readjusting site energies and
excitonic couplings. However, as we do not know exactly, how Chl
a604 should be reoriented, we refrain from such simulations to
avoid too much speculation. We conclude that model A is principally
in good agreement with experimental information of polarized
absorption, if one takes into account the possibility that Chl a604 is
signiﬁcantly reoriented in LHCII trimers compared to the crystal
structures.3.3. Reﬁnement ﬁts of small aggregates
In the case of small lamellar aggregates, ﬁtting was performed by
comparison with experimental spectra of OD and LD at 77 K as well
as CD at 293 K [34] (see Fig. 5) resulting in model B (Table 1). As is ap-
parent from the right part of Fig. 5, model B allows for spectral simu-
lations that come close to the experimental spectra of small lamellar
aggregates, if one leaves aside the CD in the Chl b region. It is note-
worthy that the spectral changes upon aggregation of LHCII can be
reproduced to a large extent by site energy shifts only. Of particular
interest is the increased LD signal at 655 nm that is due to the red-
shifts of Chls b601, b607, and b608 by 60, 40, and 30 cm−1, respec-
tively. All other Chl b site energies remain essentially unaffected
compared to model A. The overall redshift of the Chl a spectrum
upon aggregation can be reproduced by redshifting Chls a603 and
a610 by 60 cm−1, a613 by 40 cm−1 as well as a611 and a612 by
30 cm−1, while leaving a614 essentially unchanged and allowing
for a blueshift of Chl a604 by 30 cm−1. We note that we made no at-
tempt to model the ﬂuorescence spectra of aggregates as these are
dominated by quenching and heterogeneity and thus are outside
the realm of our exciton model. Also, we assumed the site energies
to be temperature-independent, which might be an oversimpliﬁca-
tion in view of difference spectra of mutant LHCII [46] and the unusu-
al temperature dependence of the ﬂuorescence peak [46,93]. A
temperature dependence of subbands at least in the red part of the
spectrum is also apparent from the decomposition analysis of Zuc-
chelli et al. [94,95]. Some of the discrepancies between simulation
and experiment in the Chl a region of the CD spectrum at 293 K
could be related to such temperature effects.Fig. 4. (A) Difference spectra of absorption parallel to the C3-axis of LHCII trimers at
77 K. Green: Model A — experiment [47], magenta: Model A — model A with Chl
a604 rotated, black: Model A—model A with Chl a613 rotated. (B, C) Exciton state pig-
ment distribution functions (Eq. (16)) of Chl a pigments in the stromal (B) and the lu-
minal (C) layer of LHCII based on model A.
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Fig. 5. Linear absorption (OD), circular dichroism (CD), and linear dichroism (LD) spec-
tra of small lamellar LHCII aggregates measured by Ruban et al. [34] compared to sim-
ulations based on model A (left) and model B (right). For site energies, see Table 1.
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Fig. 6. (A) Difference linear dichroism spectra (ΔLD) between small lamellar LHCII ag-
gregates and trimers measured by Ruban et al. [34] (black dashed) compared to the dif-
ference between model B and model A (green). The orange curve is a simulated
difference spectrum, in which the contribution of model B is enhanced by a factor of
1.8 to mimic the effect of different orientation factors of the two sample types. The fac-
tor 1.8 corresponds to the ratio of integrals of experimental LD spectra of aggregates
and trimers normalized to the same OD in the red absorption maximum at 676 nm
[34]. (B) ΔLD between thylakoids containing zeaxanthin and thylakoids without zea-
xanthin measured by Ruban et al. [34] (black dashed) compared to the difference be-
tween model B and model A (green).
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The difference of LD spectra (ΔLD) at 77 K between models B and
A is shown in Fig. 6A (green curve). The simulated ΔLD spectrum is
conservative, i.e., it integrates to zero as expected, since the summed
polarized absorption should not be affected by site energy shifts
[63]. In contrast, the experimental ΔLD between small lamellar ag-
gregates and trimers, normalized to the same OD in the red absorp-
tion maximum [34], is essentially positive (dashed curve in Fig. 6A).
This could be an indication that pigments are reoriented upon ag-
gregation of LHCII in a way that the absorption perpendicular to
the C3-axis is increased. However, Ruban et al. [34] used the gel-
squeezing technique to orient the samples. Considering the LHCII
particles as disk-shaped, it is conceivable that the more extended la-
mellar aggregates are better oriented under these conditions than
the smaller LHCII trimers, i.e., have a larger orientation factor S.
This assumption is justiﬁed by numerous studies on small molecules
with different shape [96–98]. In this case, the LD spectrum of the ag-
gregates would predominate in the difference spectrum. To estimate
a possible change of the orientation factor, we started from the as-
sumption that the changes of the LD spectra are conservative, i.e.,
no pigment reorientations are caused by aggregation. Then, the inte-
grals of the two experimental LD spectra should be identical. We de-
termined the ratio of the integrals of experimental aggregate- and
trimer-LD spectra [34] between 625 and 700 nm to ~1.8 and took
this value as a correction factor to account for an improvement of
alignment in the aggregate sample. The difference 1.8×model B
−model A is shown as orange curve in Fig. 6A and is indeed very
close to experiment. This result indicates that the changes of the
LD spectra due to formation of small lamellar aggregates can princi-
pally be understood as resulting from site energy shifts and a change
of the orientation factor S. However, there are two problems that
need to be addressed:(i) Ruban et al. [34] normalized the spectra to the same OD at the
red absorption maximum (676 nm). Thus, the two LD spectra
correspond to the same Chl a concentration only, if the extinc-
tion coefﬁcient of LHCII at this wavelength is not changed upon
aggregation. According to our modeling, only a subset of site
energies is shifted from model A to model B, implying that
the oscillator strength is distributed over a slightly broader
wavelength region in the aggregate spectrum. This ﬁnding
arises not only in the simulation, but is also apparent from a di-
rect overlay of the two experimental absorption spectra (see
Fig. 3 of Ref. [34]). As a consequence, the peak maximum is di-
minished by about 10% in the aggregates. Normalization to the
peak maximum then results in an overrepresentation of aggre-
gates in the ΔLD spectrum, which contributes to the positive
integral. We estimate that this effect diminishes the necessary
1454 F. Müh, T. Renger / Biochimica et Biophysica Acta 1817 (2012) 1446–1460correction due to a change of the orientation factor S from 1.8
to about 1.6.
(ii) In Section 3.2., we considered a possible reorientation of Chl
a604 in LHCII trimers with respect to the crystal structures. In
case that the latter show the orientations of Chls in the aggre-
gates, a different orientation of Chl a604 in trimers implies that
this pigment is reoriented upon aggregation of LHCII in a way
that the integral of the LD spectrum is actually decreased. Sim-
ulations taking into account such a reorientation (not shown)
suggest that this is not in conﬂict with the experimental ΔLD
spectrum. A large positive peak at 680 nm can still be produced
as a consequence of site energy redshifts and an increased ori-
entation factor S. Also, a reorientation of Chl a610 within the
10° window discussed in Section 3.2 is still possible.
Thus, in the absence of any independent information about the
orientation factor S or the function P(λ) of small lamellar aggregates,
the ΔLD spectrum neither provides evidence for a pigment reorien-
tation nor does allow to exclude it for speciﬁc sites. While it is rea-
sonable to assume that Chl a604 (and other Chls) are oriented in
the aggregates as they are in the crystal structures, this cannot be
decided faithfully. On the other hand, the substantial similarity be-
tween simulation (orange curve) and experiment in Fig. 6A suggests
that an interpretation of the ΔLD spectrum in terms of site energy
shifts (without pigment reorientation) is at least a reasonable ap-
proximation. An analysis of the contribution of different pigments
to the exciton states in models A and B reveals that the changes be-
tween 666 and 680 nm are in part due to redistribution of oscillator
strength in the terminal emitter domain (TED, Chls a610, a611,
a612). The site energy shift of Chl a610 causes the lowest excitonBHHLYP
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Fig. 7. Correlation of Chl a site energies calculated with three different quantum chemical me
those found optimal for LHCII trimers (model A) or small lamellar aggregates (model B). Instate of LHCII to be evenmore localized on this pigment in aggregates
than in trimers and is responsible for the intense signal at 680 nm.
Further, the site energy shift of Chl a613 gives rise to changes at
the absorption wavelength of both exciton states of the Chl a613–
a614 dimer, contributing at 670 and 675 nm. The increase at
655 nm can be explained by the site energy shifts of Chls b601,
b607, and b608.
Ruban et al. [34] also performed LD spectroscopy on thylakoid
membranes isolated from leaves that were either dark-adapted (no
Zea) or light-treated (60% conversion of the xanthophyll cycle pool
to Zea). The dashed curve in Fig. 6B shows their ΔLD spectrum be-
tween light-treated and dark-adapted (Zea(+) – Zea(−)) thylakoids.
In this case, the two samples are expected to have a similar orientation
factor. Accordingly, the spectral changes below 661 nm are essentially
conservative and can be interpreted by site energy shifts. Then, the
huge non-conservative intensity change around 682 nm suggests
that the Vio→ Zea exchange induces a reorientation of Chl a pigments
with a net decrease of the angles of transition dipoles relative to the
membrane plane. A comparison with the green curve, representing
to a good approximation the spectral changes due to LHCII aggrega-
tion in the case of perfectly aligned samples, further suggests that
the Zea-induced alterations differ qualitatively from the aggregation-
induced changes of LHCII. Note that several PPCs could contribute to
these spectra (e.g., CP29 also contains a Vio binding site [24]). So, it
is presently unfeasible to trace back the effects of Zea to speciﬁc
Chls. A possible exception is the change at 654 nm that ﬁts to the
site energy shifts of Chls b601, b607, and b608 between models A
and B (Table 1). Assigning this band to any of these pigments would
imply that the Vio → Zea exchange in LHCII has similar effects on
their site energies than aggregation of LHCII in the presence of Vio.14800 14900 15000
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Fig. 8. Correlation of Chl b site energies calculated with three different quantum chemical methods [69] based on the two crystal structures of spinach (1RWT) and pea (2BHW) with
those found optimal for LHCII trimers (model A) or small lamellar aggregates (model B).
1455F. Müh, T. Renger / Biochimica et Biophysica Acta 1817 (2012) 1446–1460We note that changes in the 640 to 660 nm region are not necessarily
due to Chl b, but could also originate from vibronic bands of Chl a.
3.5. Correlation of calculated and ﬁtted site energies
The correlation of directly calculated site energies [69] based on
the two crystal structures of spinach (1RWT) and pea (2BHW) with
those found optimal for LHCII trimers (model A) or small lamellar ag-
gregates (model B) are shown in Fig. 7 for Chl a and Fig. 8 for Chl b. In
the case of 2BHW, we left out Chl a610 from the correlation plots as it
deviates strongly for reasons discussed earlier [69]. For Chl a, the
overall correlation with both models is similar for 1RWT and 2BHW,
if the DFT-based methods BHHLYP and B65LYP are considered, with
rms deviations between 45 and 60 cm−1. The most signiﬁcant outlier
in the lower right half of the correlation plot is due to Chl a602, the
site energy of which is predicted too low by the DFT-based methods.
This is related to the contribution of this pigment to the LD spectrum
as described in Section 3.1. Accordingly, the correlation is better for
HF-CIS with rms deviations between 25 and 30 cm−1 due to the blue-
shift of Chl a602. An exception is the combination of 1RWT with
model B, where HF-CIS yields an rms deviation of 43 cm−1 despite
this blueshift, indicating that the overall correlation is worse. Thus,
it turns out that the charge sets based on HF-CIS perform best, but
there is no clear preference for either trimers or aggregates in the
Chl a region.
In the case of Chl b (Fig. 8), all methods combinedwith either crys-
tal structure result in very similar correlations for both model A and B
with rms deviations between 60 and 83 cm−1. The most signiﬁcant
outlier in the upper left half of the correlation plot is due to Chl
b607, which is predicted to be more redshifted, and thus closer tothe ﬁt, by BHHLYP and B65LYP compared to HF-CIS, but only on the
basis of the 2BHW structure. Leaving out Chl b607, the rms deviations
are reduced to 23–56 cm−1 for B65LYP and HF-CIS, but again with no
signiﬁcant preference for either trimers or aggregates.4. Discussion
The ongoing discussion about whether the crystal structures of
LHCII show a quenched or an energy-transmitting state raises a fun-
damental problem for any structure-based simulation of optical spec-
tra. The facts that the crystals underlying the 2BHW structure
originate from lamellar aggregates and these aggregates show a sig-
niﬁcant degree of ﬂuorescence quenching, strongly suggests that the
crystal structure shows a quenched conformation. Accordingly, a sim-
ulation based on the 2BHW structure should be more suited to de-
scribe spectra of LHCII aggregates than those of trimers. In the
present contribution, we made an attempt to solve this issue by ree-
valuating the performance of calculated site energies based on ﬁts
to various linear optical spectra of trimers and aggregates including
vibronic transitions of the Chls. We found that the calculated site en-
ergies based on the HF-CIS method perform best, but there is no sig-
niﬁcant tendency in the data that would allow to decide, whether the
crystal structures are closer to trimers or to aggregates. On the other
hand, the results show that the combined quantum chemical/electro-
static approach, despite its approximations, is a very convenient start-
ing point for a structure-based simulation of optical spectra, reaching
now the same degree of accuracy as found earlier for the FMO protein
[68]. Crucial to this success in the case of LHCII is the inclusion of
vibronic transitions of the pigments. In particular, the Chl a vibrations
1456 F. Müh, T. Renger / Biochimica et Biophysica Acta 1817 (2012) 1446–1460make a non-negligible contribution to the Chl b region of the spectra
[49,70].
Given the consistency between theory and experiment reached so
far, it is reasonable to use the exciton simulations for a comparison of
pigment orientations in LHCII trimers, where this information has
been provided by van Amerongen et al. [47], and the crystal struc-
tures. This comparison yields the following:
(i) The integral of the function P(λ), representing the negative of
the reduced LD spectrum corrected for imperfect alignment
of samples in the squeezed gel, is more negative in the exper-
iment than predicted by structure-based calculations. Together
with the good match of experiment and simulation in the Chl b
region, this result is evidence that at least one Chl a has chan-
ged its orientation in trimers compared to the crystal struc-
tures. Further analysis reveals that only one Chl a has to be
reoriented (see discussion below, point iii).
(ii) For all other Chls, the assumption that they are arranged in sol-
ubilized LHCII trimers relative to the C3-axis as they are in the
crystal structures, results in a good agreement between simu-
lated and measured polarized absorption spectra. We estimate
that there remains a window of approximately 10° for devia-
tions in the pigment orientations that together with further re-
ﬁnements of site energies and excitonic couplings could
improve the simulation. Besides structural distortions of
LHCII, there is also a contribution to this error from an uncer-
tainty concerning the precise orientation of the transition di-
pole μm of the QY transition relative to the molecular frame of
the Chls, which could deviate from the NB–ND axis by up to
~10° (see the discussion and further references in Ref. [77]).
Altogether, our ﬁndings support the notion of Kühlbrandt and
co-workers that the LHCII structure is rather rigid at least as
regards the peptide backbone and the Chl macrocycles [23].
Then, there is also not much room for signiﬁcant reorientations
of Chls upon aggregation of LHCII (with the exception of one
Chl a discussed below). Structural changes predominantly
occur in the environment of the Chls (i.e., amino acid side
chains and carotenoids), rendering site energy shifts the
major source of changes in the LD spectrum.
Our interpretation of the ΔLD spectrum in Fig. 6A rests on the
assumption that the orientation factors of the two sample
types studied by Ruban et al. [34] are different, i.e., are higher
for lamellar aggregates than for trimers. This assumption is
based on earlier work on organic dye molecules in stretched
polymers [96,97] suggesting that more elongated molecules
tend to have a larger orientation factor. A theoretical predic-
tion of the orientation factor is difﬁcult [98] and a challenging
problem left for future work. It seems to be easier to compare
different membrane samples, as the strongly elongated mem-
brane sheets, because of their similar shape, will likely be reor-
iented to a similar extent in the squeezed gel. Indeed, the
corresponding experimental difference spectrum by Ruban et
al. [34] shown in Fig. 6B is essentially conservative in the spec-
tral region below 670 nm, whereas the spectrum representing
in vitro aggregation is not (Fig. 6A), which supports our
interpretation.
(iii) The major difference between the simulated and measured po-
larized absorption is reminiscent of a localized exciton state
absorbing at 676 nm (Figs. 3 and 4). This result suggests that
one pigment is reoriented, and this pigment is not the energy
sink. On the basis of our modeling, we identify Chl a604 as a
likely candidate. We emphasize that our simulations with
changed transition dipole orientations are not meant as a
model of structural changes in LHCII trimers, for which we do
not have enough information, but merely serve to indicate
qualitatively that reorientation of Chl a604 is a reasonableexplanation. Then, reorientation is also likely to occur upon ag-
gregation of LHCII, bringing the angle θm back to its value in the
crystal structures, thereby producing no serious conﬂict with
the measured changes of the LD spectrum. It remains an open
question, how precisely this reorientation takes places and
what could cause such a drastic change of θm on the order of
40°. Notably, Chl a604 is in close contact with Neo, which has
been shown earlier to undergo a conformational change upon
aggregation of LHCII [31]. Probably, the conformational change
of Neo goes along with a reorientation of Chl a604.
There remains the notorious problem of the CD spectrum in the Chl
b region,which is apparently at oddswith our excitonmodel.Wewould
like to leave this problem for future studies, but touch here only one as-
pect, namely the possible contribution of vibronic transitions to the CD.
In the model by Novoderezhkin et al. [49], the high-frequency pigment
modes are included in the spectral density J(ω). As a consequence, they
contribute directly to the lineshape of the electronic transitions and also
contribute to the CD spectrum. Apparently, this allows for a remarkably
good reproduction of the experimental CD spectrum [40], although the
problem of non-conservativity remains and a different set of site ener-
gies has to be used. However, the model not only neglects the dynami-
cal localization of excitons (with consequences also for EET dynamics as
discussed in Ref. [70], see also Ref. [91]), but also implies that 0–1 tran-
sitions of pigments are delocalized in the same way as the 0–0 transi-
tions due to the excitonic couplings Vmn. According to Eq. (3), the
Franck–Condon factors of these modes have to be taken into account,
which in the case of Chls implies that 0–1 transitions are weaker
coupled than 0–0 transitions, so that their contributions to the CD
should also be weaker even without dynamical localization. Therefore,
the inclusion of these modes in the CD, which is not done in our
model, is unlikely to be able to improve the CD spectrum in a realistic
manner. An explicit treatment of dynamical localization effects is
needed to clarify this issue. In addition, other factors will have to be
tested such as, e.g., contributions from carotenoids [99].
Our modeling of the aggregate spectra is based on the structure of
one LHCII trimer. This treatment implies that inter-trimer interactions
within the aggregate are neglected. Such interactions concern both,
site energies and excitonic couplings. Site energies are determined by
long-range electrostatic interactions [86], so that the charge distribution
of one LHCII trimer may affect the site energies of Chls in a neighboring
trimerwithin the aggregate. However, the good agreement between site
energies calculated on thebasis of the crystal structure and the ﬁtted site
energies of model B suggests that these effects are of minor importance.
More signiﬁcant may be the effect of inter-trimer excitonic couplings,
which we assume rigorously to be b20 cm−1. Without a detailed struc-
tural model of the aggregate, we cannot decide, whether this condition
is fulﬁlled. In principle, one could use the layer structure of the type-I
crystals to construct such a model.
We now turn to a further interpretation of the ΔLD spectrum in
Fig. 6A. Our simulations suggest that the pigments with the largest
site energy shifts due to aggregation of LHCII are Chls b601 and
b607 as well as Chls a603, a610 and a613 (Table 1). All of these Chls
are located in the vicinity of the ionone ring of a carotenoid (Fig. 9):
Chls b601 and b607 ﬂank the ionone rings of Vio (Fig. 9B), Chls
a610 and a613 those of Lut 1 (Fig. 6C), and Chls a603 and b607
those of Lut 2. It is conceivable that a conformational change of
these carotenoids occurs upon aggregation of LHCII involving a reor-
ientation of the ionone ring with respect to the Chl macrocycle. In
particular, the polar 4-hydroxy group could then cause a site energy
shift. In the case of Chl b601, the 4-hydroxy group of Vio is in the vi-
cinity of the 7-formyl group of the Chl (yellow ellipse in Fig. 9B), but
the geometry is not suitable for the formation of a hydrogen bond.
There is recent experimental evidence from Raman spectroscopy
that Lut 1 is distorted upon aggregation-induced quenching of LHCII
[100]. We suggest that this conformational change of Lut 1
AB
Lut 2
Lut 1
Neo
Vio
a 610
a 613
a 603
b601
b607
C D
b607´
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2tuLoiV
b607
a 603´
Lut 1
a 613
a 610
Fig. 9. (A) Spatial arrangement of Chls with site energy differences≥40 cm−1 between
models A and B relative to the carotenoids in the LHCII trimer. (B) Location of Chls b601
and b607 in the vicinity of the ionone rings of Vio. (C) Location of Chls a610 and a613 in
the vicinity of the ionone rings of Lut 1. (D) Location of Chls a603 and b607 in the vi-
cinity of the ionone rings of Lut 2. Figures made with VMD [113] based on PDB ﬁle
2BHW [22]. Chl numbering according to Ref. [21].
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volving Chls a610 and a613. This could also affect the orientation of
Chl a610 within the 10° window discussed above. At present, there
is no evidence for an aggregation-induced conformational change of
Vio. (However, the formation of Vio J-aggregates has been proposed
very recently as an explanation for absorbance changes at 525 nm
[101].) It has been reported that a formyl group of a Chl b forms a hy-
drogen bond in aggregates that is absent in LHCII trimers [102], but its
relation to Chl b601 or Vio is unclear. Irrespectively, we propose that
Vio undergoes a structural change upon LHCII aggregation that is re-
sponsible for the 655 nm signal in the ΔLD spectrum. Support for
this interpretation comes from the Zea(+) – Zea(−) ΔLD spectrum
in Fig. 6B. The Vio → Zea exchange simply implies that the ionone
rings of the xanthophyll in the Vio-site are de-epoxidized. This likely
affects the conformation of the ionone rings with consequences for
the immediate environment, i.e., Chls b601 and b607.
In this context, it should be mentioned that aggregation per se is
not necessary to induce these conformational changes. A recent
study demonstrated that quenching in isolated LHCII trimers occurs
upon detergent-depletion without aggregation, which was accom-
plished by incorporation in a solid gel system [103]. These results in-
dicate that ﬂuorescence quenching is induced by structural changesthat are related to the disintegration of the detergent belt around
the LHCII trimer. A conformational switch of a membrane protein
owing to detergent depletion is not uncommon. Similar detergent ef-
fects, modulating the optical properties, have also been observed with
the RC of purple bacteria [104,105] and cyanobacterial PSI [106]. De-
tergent depletion is also necessary to form type-I crystals of LHCII,
which is another argument in favor of a quenched structure being
present in these crystals. It would be interesting to repeat the exper-
iments performed by van Amerongen et al. [47] with detergent-
depleted material to determine the function P(λ) for a comparison
with structure-based simulations.
In our analysis, we explain the changes in the LD spectra by local
structural changes in LHCII and moderate site energy shifts. The
only Chl that is suspected to undergo signiﬁcant structural changes,
is not the energy sink. This implies that ﬂuorescence quenching in
LHCII does not require a redirection of excitation energy ﬂow. Rather,
Chl a610 is the energy trap in both conformations. Therefore, we
think that quenching in LHCII indeed occurs at Chl a610 at least at
77 K. The 2BHW structure, most likely representing the quenched
form, shows that the π-systems of Chl a610 and Lut 1 approach
each other down to 3.4 Å [22]. This short distance allows for a sub-
stantial wavefunction overlap and electron exchange, which is prob-
ably crucial to quenching. A conformational change of Lut 1 and/or a
slight reorientation of Chl a610 to the energy-transmitting state
could be accompanied by a decrease of this overlap and involve a tun-
ing of the mixing of electronic states between Lut and Chl. Further
analysis of this situation requires a quantum chemical treatment of
the Lut–Chl pair including the inﬂuence of the protein environment,
which poses a challenge [107]. The involvement of Lut 1 in the
quenching process has been proposed earlier based on femtosecond
time-resolved spectroscopy [31] and the conformational change of
Lut 1 detected by Raman spectroscopy [100].
A problem is the possible temperature dependence of excited
state levels in LHCII as deduced from optical absorption spectra of
Chl knock-out mutants [46]. These data suggest that an exciton
level involving Chl a612 undergoes a redshift to about 681 nm
upon warming to room temperature, so that Chl a610 is not neces-
sarily the energy sink under physiological conditions as discussed
in Ref. [69]. Then, the whole TED (a610, a611, a612) has to be con-
sidered as possible quenching site. Notably, Chl a612 is in van-der-
Waals contact with Lut 1 (down to 3.5 Å) and Chl a611 is located
close to one ionone ring of Vio. Thus, Lut 1 could still be involved
in quenching and a conformational change of Vio or a Vio→ Zea ex-
change inﬂuential in stabilizing the quenched state. However, a role
of Chl a612 in NPQ is unlikely as mutant LHCII lacking this pigment
still shows aggregation-induced ﬂuorescence quenching [72]. On the
other hand, the excited state of Chl a610 at room temperature is low
enough for sufﬁcient thermal population to play a role in the
quenching process. So, the mutant lacking this pigment [45] should
be further analyzed.
The proposed conformational changes imply that there should be
aggregation-induced changes of Chl–xanthophyll interactions in
LHCII. Such changes have been suggested based on an analysis of ca-
rotenoid triplet-singlet difference spectra [108] and ascribed to Lut
[109]. Recent experiments based on nonlinear polarization spectros-
copy in the frequency domain (NLPF) were tentatively interpreted
as indicating altered interactions of the xanthophyll-cycle pigment
bound to the Vio site with neighboring Chls [110] in accordance
with our proposal for the role of Vio in the aggregation process. How-
ever, the possible inﬂuence of a changed Lut 1-Chl a interaction on
the NLPF spectra remains to be elucidated.
Another important result is the decrease of the triplet yield upon
aggregation of LHCII [108]. This decrease was attributed to the
quenching of Chl singlet states due to aggregation, while the radiative
and intersystem crossing rates remain essentially unchanged. Also,
the efﬁciency of triplet–triplet energy transfer (TTET) from Chl a to
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room temperature to 5 K decreases the efﬁciency of TTET from
about 92% to 82% [108,111]. These results are in line with a role of
Chl a610 rather than a612 in NPQ, if one takes into account recent
time-resolved electron paramagnetic resonance (TR-EPR) data. Di
Valentin et al. [112] demonstrated that Chl a612 is a much more efﬁ-
cient triplet donor to Lut 1 than Chl a610 based on patterns of spin-
polarization in TR-EPR. Thus, the efﬁciency of TTET from the TED to
Lut 1 would be rather robust against aggregation, if only the Lut 1-
Chl a610 interaction is changed, but not that between Lut 1 and Chl
a612. On the other hand, the temperature-dependent changes of the
TED are likely to affect the contribution of Chl a612 to the lowest ex-
citon states [46,69] and hence its participation in TTET to Lut 1. Hence,
it is possible that Lut 1 plays a double role: It is a triplet quencher in
the energy-transmitting state and (mainly) a singlet quencher in
the NPQ state.
Finally, it is noteworthy that the change of the LD spectrum in the
Chl a region due to Vio→ Zea exchange (Fig. 6B) is substantially dif-
ferent from aggregation induced changes (Fig. 6A). Hence, the inﬂu-
ence of Zea on the conformation of the TED is probably different
from the consequences of mere aggregation. Very likely, there are
several molecular mechanisms of ﬂuorescence quenching with
aggregation-induced changes representing only one part. Further
studies of Zea-enriched LHCII to, e.g., elucidate pigment orientations,
are of great interest.
5. Conclusions
In view of the debate about the quenching state of LHCII in the
crystal structures, we compared site energies of the 14 different
Chls calculated on the basis of these structures with site energies
obtained from reﬁnement ﬁts of LHCII trimers and small lamellar ag-
gregates taking into account vibronic transitions of the Chls. The re-
sults demonstrate the high degree of accuracy that can be achieved
with a combined quantum chemical/electrostatic computation of
site energies. The differences between reﬁned and directly calculated
site energies do not allow to decide, whether the crystal structures
are closer to trimers or to aggregates and, hence, it is not possible to
decide about the quenching state of the crystal structures on the
basis of these simulations. However, independent arguments and
data [73] suggest that the structures show a quenched state. Also,
there remains a problem with the description of the CD spectra in
the Chl b region that deserves further study.
Analysis of the LD spectra conﬁrms the notion that the Chl ar-
rangement in LHCII is rather rigid and robust against aggregation-
induced alterations with the exception of one Chl a. The integral of
the function P(λ), representing the negative of the reduced LD cor-
rected for imperfect sample alignment, suggests that the transition
dipole of this Chl a is more oriented in the membrane plane in trimers
than in the crystal structures and, consequently, could be rotated
more out of this plane upon formation of aggregates. However, the
latter rotation cannot be inferred faithfully from the ΔLD spectrum
without a quantiﬁcation of transition dipole moment orientations in
the aggregates. On the basis of our modeling, we propose Chl a604
to be reoriented in trimers, which probably is related to the confor-
mational change of Neo. The neglect of this reorientation in the exci-
ton simulations actually implies an inconsistency that cannot be
removed without further information about details of the conforma-
tional changes.
The most prominent site energy shifts due to aggregation of LHCII
are found for Chls located in the vicinity of ionone rings of caroten-
oids. This result suggests that besides Neo [31] and Lut 1 [100] also
Vio and Lut 2 undergo a conformational distortion upon aggregation.
The distortion of Vio is proposed to cause the changes in the LD spec-
trum at 655 nm assigned to Chls b601 and b607 close to Vio. Similar
changes may occur upon de-epoxidation of the xanthophyll cyclecarotenoid bound to LHCII. The conformational distortion of Lut 1 is
suggested to affect the site energies of Chls a613 and a610. The latter
pigment dominates the lowest exciton state at 77 K and thus is the
energy sink in both conformations and likely the site of NPQ in
LHCII in conjunction with Lut 1.
Studies on mutants affecting Chl a604 and a610 [69] could provide
further information about their roles in aggregation-induced quench-
ing in LHCII. The latter process likely represents only one of several
molecular mechanisms that result in non-photochemical quenching,
as the exchange of Vio with Zea causes different changes in the LD
spectrum. The elucidation of pigment orientations in LHCII under var-
ious conditions, following the pioneering work of van Amerongen et
al. [47], is an important goal for future work to disentangle these
mechanisms.Acknowledgements
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